In this study, we demonstrate the complexities of performing a sibling analysis with a re-examination of associations between cell phone exposures and behavioral problems observed previously in the Danish National Birth Cohort. Children (52,680; including 5441 siblings) followed up to age 7 were included. We examined differences in exposures and behavioral problems between siblings and non-siblings and by birth order and birth year. We estimated associations between cell phone exposures and behavioral problems while accounting for the random family effect among siblings. The association of behavioral problems with both prenatal and postnatal exposure differed between siblings (odds ratio (OR): 1.07; 95% confidence interval (CI): 0.69-1.66) and non-siblings (OR: 1.54; 95% CI: 1.36-1.74) and within siblings by birth order; the association was strongest for first-born siblings (OR: 1.72; 95% CI: 0.86-3.42) and negative for later-born siblings (OR: 0.63; 95% CI: 0.31-1.25), which may be because of increases in cell phone use with later birth year. Sibling analysis can be a powerful tool for (partially) accounting for confounding by invariant unmeasured within-family factors, but it cannot account for uncontrolled confounding by varying family-level factors, such as those that vary with time and birth order. 1 Associations between radiofrequency exposure and behavioral problems among adolescents and conduct problems among children were reported in one study.
INTRODUCTION
A number of epidemiological studies have shown associations between cell phone exposures and behavioral and cognitive changes in children. Findings have included poorer accuracy of working memory and associative learning, shorter reaction times for simple learning tasks, and longer completion times for Stroop color-word naming tasks in children reporting more cell phone voice calls. 1 Associations between radiofrequency exposure and behavioral problems among adolescents and conduct problems among children were reported in one study. 2 Another more recent study indicated a positive association between cell phone voice calls and attention-deficit hyperactivity symptoms among children with high blood lead levels; however, reverse causation could have produced these results. 3 Conversely, another investigation did not detect an association between prenatal cell phone use and behavioral problems in children, albeit this study was based on a small sample size, particularly a small number of exposed cases. 4 Two analyses conducted among children in the Danish National Birth Cohort (DNBC) by Divan et al. 5, 6 in 2008 and 2010 reported associations between prenatal and postnatal cell phone exposures and behavioral problems at age 7. Overall behavioral problems and specific behavioral outcomes were assessed using the Strengths and Difficulties Questionnaire (SDQ). 7 The original analysis included 13,159 children, and reported odds ratios (ORs) for higher overall behavioral problems scores of 1.80 (95% confidence interval (CI): 1.45-2.23) in children with both prenatal and postnatal exposure to cell phones. 5 They also reported associations among children with prenatal-only or postnatal-only exposure, with ORs for higher overall behavioral problems scores of 1.54 (95% CI: 1.32-1.81) and 1.18 (95% CI: 1.01-1.38), respectively. To demonstrate that associations between cell phone exposure and behavioral problems were not limited to early adopters of technology and persisted in the new sample after adjustment for several additional potential confounders, the authors replicated their findings in a separate group of 28,745 children from the same cohort. 6 Although the authors did not find evidence of confounding by measured factors, the possibility that confounding by unmeasured social, environmental, and hereditary factors may explain the observed associations could not be ruled out. An analysis that compares siblings in the DNBC may help to resolve some of the problems of unmeasured confounding. Compared with studies among unrelated individuals, studies among siblings can offer partial control of some unmeasured genetic, social, and lifestyle confounders that are shared within families. [8] [9] [10] However, sibling analysis can also be complicated by uncontrolled confounders that vary between siblings, making the results difficult to interpret.
For example, trends of increasing cell phone use and changes in cell phone technology over time could have contributed to the results observed by Divan et al. 5, 6 The DNBC enrolled pregnant women during a time when cell phones were rapidly gaining popularity and many women were just beginning to use them. Children born earlier in the cohort are, therefore, less likely to have been exposed prenatally than those born later. We also expect those born later to have been more likely to use a cell phone at age 7. Conversely, exposure per use may have decreased over time because of changes in technology. All of these factors could have resulted in important differences between siblings in terms of their exposure that make a sibling analysis far from straightforward.
It is also important to consider changes in reported behavioral problems among children in relation to the birth order. Maternal perceptions of child behavior are expected to change with increased parenting experience. [11] [12] [13] Parents may have a more accepting attitude toward their second or third child's behavior compared with their first child. Mothers may have reported behavioral problems in their children differentially based on the child's birth order, thus affecting the observed associations between cell phone exposures and behavioral problems. Another possibility is that parenting styles may change with increased parenting experience and parental age, potentially resulting in fewer behavioral problems in higher-birth-order children.
We hypothesize that differences in exposures and outcomes because of factors that differ between siblings can complicate a sibling analysis. Our objective is to discuss the complexities of conducting a sibling analysis using the data on cell phone exposures and behavioral problems in the DNBC as an example. To do so, we investigated time trends in cell phone exposure and potential changes in the reporting of behavioral problems by birth order among siblings and non-siblings in the DNBC. We also performed an analysis of the associations between cell phone exposures and behavioral problems among siblings to illustrate the possibility of additional uncontrolled confounding from factors that vary between siblings.
METHODS
The DNBC enrolled 91,661 pregnant women in Denmark between 1996 and 2002. The women and their children born into the cohort between 1997 and 2003 have been followed since enrollment. For each pregnancy, the DNBC collected information on various lifestyle and environmental exposures from interviews with the mothers at gestational weeks 12 and 30 and again when the children were 6 and 18 months of age.
14 Mothers were eligible to participate in the cohort more than once as they could reenroll each time they became pregnant during the enrollment period, and thus contribute siblings to the cohort. Of the 91,661 women originally enrolled, 405 requested to discontinue participation in the study or their child passed away before age 7.
When the children reached 7 years of age, 91,256 mothers were invited to complete a questionnaire that focused on the child's environmental exposures (including cell phone exposures), lifestyle, and health problems. 15 Letters were sent to participants' homes instructing them about how to access the web-based version of the questionnaire. Reminders were mailed to women that did not respond within 4 weeks. Paper questionnaires were sent to women who had not responded 4 weeks after the reminders were sent. The format and questions of the web-based and paper questionnaires were identical. 5 A total of 59,975 completed and submitted the age-7 questionnaire (66% participation rate). Children from multiple births (twins, triplets, and so on) were not included in this analysis, and data from the most recently completed questionnaires (after April 2010) were not available. This analysis is based on data from 52,680 children from singleton births included in the age-7 questionnaire. The data set consists of children included in the previous studies by Divan et al., 5, 6 plus 11,139 for whom data were coded after completion of the previous analyses. About 10% (n ¼ 5441) of these children had at least one sibling from a singleton birth also included in this data set. Figure 1 illustrates the structure of the analytical sample in terms of the main subgroups of interest.
Two or more children in our data set with the same biological mother will be referred to as ''siblings'' participating in the DNBC. The group of all siblings in our data set will be referred to as the ''sibling subset''. All other children included in the age-7 wave will be referred to as ''non-siblings''. It is noteworthy that non-siblings in this study are not necessarily onlychildren, as they may have siblings that are not included in the DNBC. ''Birth order'' and ''pregnancy order'' refer to a child's birth order according to mothers' reported number of previous births, which could predate the inception of the DNBC.
Cell phone exposure was assessed by mothers' reports in the age-7 questionnaire. Previous waves of data collection did not assess cell phone exposure. Mothers reported whether or not they used a cell phone during pregnancy and whether or not the child uses a cell phone at age 7. Data from these questions were used to categorize children as having no exposure, prenatal-only, postnatal-only, or both prenatal and postnatal exposure (0 ¼ no exposure, 1 ¼ prenatal exposure only, 2 ¼ postnatal exposure only, 3 ¼ both prenatal and postnatal exposure).
Behavioral problems in children were assessed as part of the age-7 questionnaire using the parent SDQ module. Mothers responded to 25 statements regarding the child's behavior on a three-point scale (1 ¼ not true, 2 ¼ partly true, and 3 ¼ very true). A previously developed algorithm generated a ''total behavioral difficulties'' score using responses to 20 of the 25 items in the SDQ. 16 A priori-defined cutoff points for the score were used to classify each child as ''normal'' (score ¼ 0-13), ''borderline'' (score ¼ 14-16), or ''abnormal'' (score ¼ 17-40) for overall behavioral problems. 7 These cutoff points were based on population-based norms and were included with the SDQ algorithm when this study was conducted. They were the same cutoff points as those used by Divan, et al. 5, 6 From prenatal and postnatal interviews, the DNBC has also collected information from mothers regarding parity, social-occupational factors, history of psychiatric illness, smoking, and breastfeeding. Additional data were obtained by linking each mother and child to Danish national social and medical registers. Children's birth data were obtained from the Danish Medical Birth Registry. 17 Associations between cell phone exposures and behavioral problems were compared between different sibling categories by computing ORs and 95% CIs using cumulative logistic regression models stratified by siblings, non-siblings, siblings from first pregnancies, and siblings from second pregnancies. Statistical adjustments were made for mother's age at the birth of the child, history of psychiatric illness, social-occupational status, prenatal smoking, and breastfeeding, as well as child's sex and birth order, where appropriate.
An analysis of the association between cell phone exposure and behavioral problems was conducted among siblings, controlling for the random effect of family. Generalized linear mixed models with a (cumulative) logit link function were used to compute ORs and 95% CIs for the associations between prenatal and postnatal, prenatal-only, and postnatalonly exposures to cell phones and behavioral problems in children compared with children without exposure. 18 Varying-intercepts (that is, partially pooled family-specific intercepts for the outcome) in these mixed models accounted for sibling clustering within families. Fixed effects included mother's age at the birth of the child, history of psychiatric illness, social-occupational status, prenatal smoking, and breastfeeding, as well as child's sex and birth order. Figure 1 . Participation and structure of the age-7 sample of the DNBC.
Further comparisons were made to examine the distribution of exposure and behavioral problems by overall birth order and calendar year of birth. All statistical analyses were conducted in SAS version 9.2 (SAS Institute, Cary, NC, USA).
This study was approved by the DNBC, the Danish Data Protection Agency, regional science ethics committees in Denmark, and the Office of the Human Research Protection Program at the University of California, Los Angeles.
RESULTS
Siblings and non-siblings in our data set differed on a number of characteristics ( Table 1) . Mothers of siblings in the cohort were more likely to report breastfeeding their children and less likely to report a history of psychiatric illness or smoking during pregnancy compared with mothers of non-siblings. Mothers of siblings tended to be younger and be in a higher social-occupational category than mothers of non-siblings. The percentage of children exposed to cell phones prenatally or postnatally and the percentage with abnormal or borderline behavioral difficulty scores were lower among siblings than that in non-siblings. Consistent with secular trends in smoking and cell phone use, we found that mothers were less likely to smoke while pregnant with the second sibling than with the first sibling, and second siblings were more likely to have prenatal-only exposure or both prenatal and postnatal cell phone exposure.
When comparing the sibling subset to all non-siblings, associations between prenatal-only and both prenatal and postnatal cell phone exposure and behavioral problems were weaker among siblings than among non-siblings (Table 2) . Associations among first-born siblings who were exposed to cell phones both prenatally and postnatally were similar to non-siblings (and to the results of the full cohort), with increased ORs for behavioral problems. The associations tended to be weaker for postnatal-only cell phone exposure, particularly among second-born siblings and second pregnancies, but no clear pattern in the associations emerged for postnatal-only cell phone exposure overall. The results for siblings did not change after accounting for withinfamily similarities using the random-intercept generalized linear mixed models described above.
Regardless of cell phone exposure, children from mothers' second and third pregnancies overall had lower odds of behavioral problems than first children with ORs of 0.93 (95% CI: 0.85-1.03) and 0.76 (95% CI: 0.65-0.89), respectively (Table 3) . Similar trends were observed when comparing siblings and nonsiblings from first, second, and third pregnancies in the DNBC (data not shown).
In line with secular trends of cell phone use, there was a clear trend of increasing cell phone exposure among all children in the cohort with increasing year of birth (Figure 2 ). The majority of children (57%) born in 1997 or 1998 had no reported cell phone exposure, and those that were exposed were more likely to use a cell phone postnatally (7 years later) than to have only been exposed prenatally. Children born in 2003 were nearly four times as likely as those born in 1997 or 1998 to have both prenatal and postnatal exposure, and more than twice as likely to have been exposed prenatally only. This time trend of increasing exposure by year of birth also persists within strata of birth order (for example, first siblings only, second siblings only, and so on; data not shown). Table 4 
DISCUSSION
Compared with studies among unrelated individuals, studies among siblings can offer some control of unmeasured genetic, social, and lifestyle confounders that are shared within families. [8] [9] [10] In this investigation, the strong associations observed previously by Divan et al. 5, 6 were replicated for first-born and non-siblings but not observed among second-born siblings. Accounting for random family effects did not change the results. Although the positive associations we observed among first-born siblings were not statistically significant, we do not consider these null results. Rather than statistical significance alone, we also use consistency and pattern (especially magnitude and directionality of the point estimates) to guide our interpretation.
We found that the OR for the association between cell phone exposures and behavioral problems was larger among siblings from first pregnancies than siblings from second pregnancies within the DNBC catchment period, although not significantly. This difference in associations by birth order suggests that a comparison between siblings can be imbalanced, given the trend of increasing cell phone use with time. We also estimated associations between cell phone exposure and behavioral problems stratified by birth order for all children in the data set regardless of sibling status, but the results did not explain the differences between siblings. Our findings indicate that the siblings in our data set are different from the non-siblings and should be kept separate in the analyses, or analyses should be restricted to first-borns only.
Parents' perceptions of their children's behavior may differ from one child to the next with increased parenting experience and parity, [11] [12] [13] as well as changes in societal influences regarding child and parenting behaviors. Further, parental coping styles may change with increased parenting experience or with increased age of the parents. The results from this study support the hypothesis that differences in the association of interest between first-born and later-born siblings may be because of changes in parenting behaviors, parental age, or parent perceptions of behavioral problems with increased parity. Although we controlled for maternal age at the birth of the child in the analysis, this adjustment would not have accounted for the difference in the mother's age between two related siblings. Regardless of cell phone use, mothers were less likely to report behavioral problems for higher-birth-order children than that for first-born children, which may reflect greater parenting experience.
The differences in the association between cell phone exposure and behavioral problems between first-born and later-born siblings may have been due, in part, to changes in exposure with time. Over the past few decades, cell phone use has rapidly increased, with more users and heavier use, whereas the evolution of cell phone technology has lowered the rate of individual radiofrequency exposure per use. [19] [20] [21] Overall, there is a strong trend of increasing cell phone use with time, as reflected in the DNBC data set. Prenatal and postnatal cell phone exposures increased dramatically by year, reflecting an increase in use by mothers and children. This increase in cell phone use compensates somewhat for the possible reduction in exposure from newer phones. In fact, associations between prenatalonly and both prenatal and postnatal cell phone exposure and overall behavioral problems among first children with an early year of birth were similar to those for first children born later.
There are a number of other approaches to comparing siblings in epidemiological studies besides the method used in this investigation. One common approach is the discordantpair method, in which an exposed child is matched to their unexposed sibling. As this study examined four exposure categories rather than the usual two seen in published discordantpair analyses, our sample did not have enough discordant sibling pairs in each category to perform a discordant-pair analysis. Many prior investigations of siblings have used generalized estimating equations (GEE) to separate within-family and betweenfamily effects. This type of analysis is designed for use with continuous exposure variables, and is not appropriate for our categorical outcome data without making suspect assumptions. The random-intercept generalized linear mixed models with logit link (such as that implemented in the GLIMMIX procedure in SAS) that we used are appropriate for our objectives and clustered sibling data available from the DNBC. This approach is analogous to the GEE method but offers more flexibility in fitting nonmarginal (that is, population averaged) models with ordinal or multinomial outcomes and categorical exposures. All singleton-birth children who were included in the age-7 data set and do not have any singleton-birth siblings (child from the same mother) also in the age-7 data set.
b All singleton-birth children who were included in the age-7 data set and have at least one singleton-birth sibling (child from the same mother) also in the age-7 data set. Singleton-birth children from a mother's first pregnancy overall among children who were included in the age-7 data set and have at least one singleton-birth sibling (child from the same mother) also in the age-7 data set. Singleton-birth children from a mother's second pregnancy overall among children who were included in the age-7 data set and have at least one singletonbirth sibling (child from the same mother) also in the age-7 data set. e P-value from two-sample t-test.
Complexities of sibling analysis Sudan et al
Although sibling analysis can be a powerful tool for (partially) accounting for confounding because of unmeasured but stable within-family factors, all sibling analyses face an important limitation in that they cannot account for uncontrolled confounding by unmeasured time-varying (or sibling-varying) within-family factors. When performing sibling studies, researchers should carefully consider factors that may affect the exposure and outcome differently between siblings. As demonstrated in this investigation, societal factors, time trends, birth order, and parental perceptions and behaviors can have an impact on All singleton-birth children who were included in the age-7 cohort data set and do not have any singleton-birth siblings (child from the same mother) also in the age-7 cohort sample. Note: non-siblings are not necessarily only-children as they may have siblings that are not included in the DNBC. All singleton-birth children who were included in the age-7 data set and have at least one singleton-birth sibling (child from the same mother) also in the age-7 cohort sample.
e Singleton-birth children in the sibling subset from a mother's first pregnancy overall. f Singleton-birth children in the sibling subset from a mother's second pregnancy overall. g Singleton-birth children from a mother's first pregnancy.
h Singleton-birth children in the sibling subset from a mother's second pregnancy overall. i Models included partially pooled family-specific intercepts for the outcome to account for sibling clustering within families. Adjusted for child's sex, mother's age at birth of child, mother's history of psychiatric problems, mother's smoking during pregnancy, social-occupational status, and breastfeeding.
associations of interest at the level of an individual child or family. These factors can easily be overlooked, even in a sibling analysis, and may be difficult or impossible to measure and control and may invalidate the results of a sibling analysis regardless of the type of analytic method used. Under these conditions, a sibling design may well perform worse than a non-sibling design and produce misleading results. Exposure misclassification in this study cannot be ruled out, but we do not expect it to have produced these results. Although assessment of cell phone use during pregnancy was retrospective, pregnancy leaves a strong impression on women's memories, and women therefore tend to remember their behaviors during this unique time with high accuracy. 22, 23 Assessment of the child's exposure was very general (whether the child uses a cell phone more or less than 1 h per week or not at all); mothers should have been able to answer the question quite accurately.
It is possible that children (and, perhaps, mothers) who are heavier cell phone users may have been less likely to participate in the age-7 data collection wave and are underrepresented in our data. A study in the DNBC found that mothers lost-to-follow-up were more likely to be in the low social-occupational status category than women who continued participation. 24 Several studies have reported that cell phone use among children and adolescents is inversely associated with social-occupational status. [25] [26] [27] [28] [29] As social-occupational status may be related to child behavior, this loss-to-follow-up could have biased some of our Figure 2 . Exposure type by year of birth among all children in the age-7 sample of the DNBC (n ¼ 52,680).
results. Likewise, differences between siblings and non-siblings with regard to socio-occupational status and other factors, such as prevalence of breastfeeding and psychiatric history of the mother, may potentially be attributed to differences in participation between these two groups if participation was also related to these factors. However, when comparing siblings and accounting for shared family factors, we would not expect loss-to-follow-up bias in terms of social-occupational status or other characteristics shared between siblings to be a concern. Despite the limitations of our sibling analysis, this study benefited from a large sample size with good exposure contrast and rich covariate data from a well-published prospective cohort. As women were pregnant during a time when cell phone use was still gaining popularity, our study sample included a large number of exposed and unexposed children. As enrollment occurred over a period of several years, we were able to observe changes in cell phone exposure with time and capture data for siblings from mothers who participated in the study multiple times.
On the face of it, controlling for family effects among siblings did not alter the results, indicating no confounding by factors that are shared within families. However, because of the differences between siblings and non-siblings and differences we observed by birth order, the sibling analysis does not appear to offer clear methodological or interpretational advantages in this complex case study.
